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ABSTRACT
The effects of low dose gamma irradiation with Cobalt 
60 on tho iced storage life extension of fresh shrimp were 
investigated. It was found that doses of 0.15 to 0.2 Mrad 
administered to brown shrimp (Peneaus aztecus) prior to 
storage in crushed ice, significantly reduced the degree and 
amount of melanosis, and resulted in a retention of the 
desirable organoleptic attributes of the product.
Studies conducted on irradiated solutions of phenolase 
showed that the enzyme was inactivated. The radiation in­
duced changes were found to b$ different from those reported 
to occur upon denaturation of proteins. Infrared absorption 
spectra revealed that deamination had occurred. Acid and 
base binding groups were, reduced • in number rather than in­
creased, and the optical rotation became more dextrorotary 
rather than levorotary. It was further shown that the copper 
of the enzyme was not oxidized by a dose of 0.2 Mrad.
The presence of oxygen was shown to enhance inactiva­
tion of the enzyme, while the presence of ovalbumin in the 
phenolase solution protected the activity. This was accepted 
as evidence that indirect action of the radiation was
responsible for the inactivation of phenolase, since the 
presence of dissolved oxygen or protein would have no effect 
on direct collisions of the gamma rays and the enzyme mol­
ecules.
The liberation of sulfhydryl groups was not detected 
after irradiation of 0.5 percent ovalbumin solutions.
Since it was shown that the presence of inert protein pro­
tected, rather than inactivated phenolase, it was concluded 
that thiol groups, produced by disruption of disulfide bonds 
in the.protein, had no significant role in phenolase 
inactivation.
Irradiation of the substrate, 3,4-dihydroxyphenyl- 
alanine, accelerated the reaction. Therefore the alteration 
of substrate by irradiation was not found to be responsible 
for the decrease in melanosis observed in fresh shrimp.
Reports indicated that''the phenolase responsible for 
melanogenesis of shrimp was located in the shell and con­
centrated primarily at the joints between segments. It was 
concluded that water and oxygen may diffuse through these 
joints, and it was their radiolysis products which were re­
sponsible for the inactivation of phenolase and subsequent 
reduction of melanosis.
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Irradiation of commercial shrimp in which melanogenesis 
has. begun accelerated the reaction. It was postulated that 
the quinone-like end products of the reaction sequence acted 
as competitive inhibitors for the reaction, and also func­
tioned as radiation protectors for the enzyme. Subsequent 
irradiation would destroy the capacity of the end products 
to inhibit the reaction and simultaneously preserve the 
enzyme activity, thus accelerating further melanogenesis.
It was ultimately concluded that low dose gamma 
irradiation of fresh shrimp reduced melanosis and resulted 
in a significant extension of their iced-storage life. How­
ever, if shrimp were held beyond the onset of melanogenesis, 
subsequent low dose irradiation accelerated blackspot forma­
tion, which reduced consumer appeal, and therefore was 
definitely undesirable.
viii
CHAPTER I
INTRODUCTION
Since Appert devised a process for canning foods in 
1795, the principles of food.preservation have undergone few 
significant changes. Expanded research programs brought 
about refinements in methods, which in turn have greatly 
improved the quality of processed foods. However, one-fourth 
of all food produced in the world is still lost to deteriora­
tion in one form or another, and any acceptable technique to 
reduce this loss has attractive commercial possibilities.
There are major disadvantages inherent in all of our 
present methods of food preservation. Canned foods contain 
added water which extracts vitamins, and makes the finished 
product heavy. Frozen foods must be kept frozen or they 
deconipose. Dried foods are relatively light and require no 
refrigeration, but their appearance and palatability are 
often unfavorable. Recent advances in dehydration and 
spray-drying techniques have inproved dried foods consider­
ably, but they still possess many undesirable attributes. 
Chemical additives partly satisfy the requirements of heat
sterilization/ but by their nature are usually objectionable
in a diet. Preservation of foods by irradiation is a fresh
»
approach, and eliminates many of the aforementioned problems/ 
and may enjoy a special position in preserving/ disinfecting - 
and stabilizing man's food.
Although reports on the use of radiation to destroy 
microorganisms and insects were found in the literature 
early in the 20th century, it was not until the middle 1950's 
that large scaled efforts were directed to exploiting radia­
tion as a sterilizing agent for foods. Proctor and asso­
ciates at Massachusetts Institute of Technology, and Huber 
and his coworkers in New York, and others in the late 1940's, 
performed the basic studies which assured the technical 
feasibility of this application of radiation.
One serious problem is encountered in the radiation 
sterilization of foods. The effect of gamma radiation is 
opposite to that observed in heat sterilization. When 
thermal energy is used, less energy is usually required for 
enzyme inactivation than for effective microorganism destruc­
tion; whereas with radiation energy, in most cases, more 
energy is required to inactivate enzyme systems than to 
destroy microorganisms. Unlike conventional sterilization 
methods, the process of irradiation does not require that the
food be raised to high temperatures to insure destruction of 
bacteria.
A sterilization dose of irradiation is usually in 
excess of one million rads (l.Q Mrad), and it has been shown 
that some enzymes remain active after being exposed to such 
doses of gamma, radiation (1,2), The degree of enzyme inacti­
vation required in radiation sterilized foods is on the same 
order of magnitude as in other methods of preservation. It 
has been found that doses of 20 to 70 Mrad are necessary to 
reduce activity of many enzymes to acceptable levels (3).
At this level, great destruction in food quality can 
be anticipated, especially in the formation of objectionable 
odors and flavors. Supplemental methods of enzyme inactiva­
tion (e.g., a mild preheating treatment) must be used if 
foods are to be successfully sterilized by irradiation.
While radiation sterilized foods have important uses 
in national defense and during natural disaster circum­
stances, major industrial interest in the United States for 
consumer items is found in low level irradiation— the 
pasteurization ranges of less than 1.0 Mrad.
Low dose gamma irradiation destroys a high percentage 
of the bacteria present, thereby increasing the refrigerated 
life of the product. Any deterioration of the product after
irradiation will be retarded by {subsequent refrigeration. In
this manner the distribution: pattern for perishable products
*
could be expanded, &nd areas in which foods are produced in
the future could have-greater freedom in marketing products 
' * 
resulting from improving technologies.
i
Various estimates have been made on the economics of
i
radiation processing. For example, Kraybill and Brunton (4), 
have estimated that low dose treatment of pork would cost 
0.15 cents per pound, assuming that 25,000 tons were proc­
essed yearly at a dose of 0.02 Mrad (sufficient to eliminate 
trichinae). For low dose treatment at 0.3 Mrads, of fish, 
chicken and pre-packaged refrigerated meats, an estimated 
cost of 0.45 cants per pound has been calculated.
Cobalt 60 appears to be the optimum choice as the
radiation source for the following reasons: (1) Cobalt 60
is easily and cheaply produced on a large. scale and may be 
obtained in large quantities at about $0.50 per curie; (2)
It emits a very penetrating radiation with a high output per 
curie; (3) It is easily handled in bulk form; and (4) Cobalt
60 has a long half-life (over five years).
Radioactivity induced in the food by irradiation must 
*
also be considered. Neutrons induce radioactivity in foods, 
and any source used in food processing must have a low neutron
flux. Short lived activity is possible with electron ener­
gies over 2.3 Mev. Using radiation from Cobalt 60 in the 
processing of foods eliminates any possibility of induced 
activity being produced, because of the low neutron flux, 
and also because the energy of Cobalt 60 gamma radiation is 
well below the 2.3 Mev necessary for inducing radioactivity.
Wholesoroness experiments have been conducted with 
radiation sterilized and pasteurized foods on rats, chickens, 
dogs and monkeys. After clearance through these test 
animals, human volunteers have consumed diets containing 100 
percent radiation stabilized foods. There was no physiologi­
cal reaction of radiation stabilized foods uncovered from 
these studies. Destruction of vitamins and other nutrients 
by irradiation treatment is comparable to that resulting 
from conventional methods of preservation.
For commercial purposes, radiation processing will 
probably be applied first to relatively expensive foods, 
for example, oysters and shrimp. Radiation processing of 
fishery products appears to be successful from the standpoint 
of consumer acceptance. Extension of refrigerated storage 
time by low dose irradiation of such perishable products as 
shrimp, crabmeat, oysters, etc. appears very promising on a 
commercial basis.
Freshly caught shrimp have an iced storage life of 14 
to 16 days when handled carefully. This can be extended to 
no more than 20 days when various antibiotic washes, dips 
and ices are employed. Hence, it is impossible to transport 
high quality shrimp to inland cities and distribute them 
through regular channels before some deterioration has 
occurred.
Seventy-six million pounds of shrimp were caught in 
Louisiana waters in 1963. Production for the first three 
months of 1964 was up 141 percent over the same period of 
1963. Average value of the shrimp caught and reported in 
Louisiana is between 13 and 20 million dollars annually. 
Radiation pasteurization of these shrimp could potentially 
increase their value and consequently benefit the economy of 
the. state•
Studies in this laboratory have shown that low dose 
gamma irradiation (0.2 Mrad) extends the iced storage, life 
of shrimp for two or more weeks. At thiB dose level, 
organoleptic and chemical tests were consistently better 
than the unirradiated samples. These shrimp should bring a 
premium price in markets removed from the Gulf coast, and 
would contribute extensively to the economy of the shrimp 
producing areas.
It was noticed by Novak and Liuzzo (5) that shrimp 
irradiated with 0,2 Mrad of gamma radiation did not develop 
blackspot or melanosis. It had been determined previously 
(6,7), that blackspot of shrimp was caused by an enzyme(s), 
phenolase, located in the head, blood, and the membrane 
between the shell and abdomen of the shrimp. They concluded 
that the phenolase was inactivated or destroyed by the dose 
of radiation used.
In view of these findings and the knowledge that most 
enzymes in natural environments require 20 to 70 Mrads for 
inactivation, the studies reported' here were undertaken to 
determine the method of inactivation of phenolase by low 
doses of gamma irradiation.
CHAPTER II
PROPERTIES OF PHENOLASE
Among the copper containing proteins that can serve 
as catalysts in oxidation reactions, those studied most are 
the phenolases, which are widely distributed in plant and 
animal tissues. Because phenolase has the ability to 
catalyze the oxidation of numerous phenols and quinones it 
has been referred to in the literature under a variety of 
names: tyrosinase, dopa oxidase, catechol oxidase, poly­
phenol oxidase, and "phenolase complex." Bailev et al. (8), 
demonstrated that phenolase isolated from the abdomen shells 
of shrimp catalyzed the oxidation of a wide variety of 
phenols and quinones. However, the only substrates that 
could be isolated from extracts of shrimp shells and heads 
were L-tyrosine and 3,4-dihydroxy-L-phenylalanine (L-dopa).
Evidence was presented in the middle 1940's by Nelson 
and Dawson (9), and Mallette (10), that phenolase can cata­
lyze two widely different reactions: (a) the hydroxylation
of certain monohydroxyphenols to o-dihydroxypheriols, and (b)
8
the oxidation of the o-dihydroxyphenols to o-quinones. Con­
siderable controversy followed thesepublication*/ and it has 
been only recently that most enzymologists agree to the 
catalysis of both reactions by phenolase.
In an extensive review, Mason (11) points out that the 
ratios of the two activities is readily altered and that 
dissolved copper exchanges with enzymatic copper during 
oxidation of diphenols, but to a lesser degree during oxida- 
tionof monophenols. From these observations he suggests 
that the two activities are independent of one another al­
though they may occur on the.same protein molecule, and each 
requires copper as a prosthetic group. Mason further states 
that other data indicate that the two activities are asso­
ciated with the.same electrophoretic and ultracentrifugal \.m  
component, they are inhibited to the same degree by metal 
binding reagents and competitive substrates, and monopheno- 
lase activity requires the.presence of diphenols, and hence ' 
the two activities appear to be closely associated.
Monophenols are oxidized in the presence of phenolase, 
but the reaction is slow probably because of the need for 
the formation of a . small quantity of the corresponding 
o-diphenol, which causes more rapid oxidation of the mono­
phenol. In fact, it has been shown that the induction period
10
of enzymatic oxidation of tyrosine is shortened by the addi­
tion of catalytic quantities of L-clopa (12).
Extensive studies by Raper (13) showed that the first 
product of phenolase on L-tyrosine was the corresponding 
diphenol, L-dopa. Bloch's discovery (14) that human melan­
ocytes form melanin from L-dopa led to investigation of 
oxidative polymerizations of dopa. The oxidative sequence 
shown in Figure 1 is generally accepted (15).
The most distinguishing property of phenolases is 
their requirement for copper. Copper has been reported to 
be an essential part of phenolase prepared from mammalian, 
plant, and insect phenolase (12). Williams (16) states that 
copper is required by the phenolases since it is the only 
divalent cation that can form complexes with phenols at pH 
7.3.
Kubowitz (17) first showed a linear relationship 
between the copper content of potato phenolase and its 
activity. He further demonstrated that copper-free protein 
no longer possessed enzymatic activity by treating the 
preparations with cyanide and removing the copper-cyanide 
complex by dialysis. Later Keilin and Mann (18) confirmed 
these results.
Bailey et al. (19,20), demonstrated with an experiment
11
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similar to that of Kubowitz, that copper is an essential 
component of phenolase isolated from shrimp. They reported 
that removal of the copper resulted in an 85 percent 
decrease in activity, which was restored upon addition of 
copper to the enzyme preparation.
Since Kubowitz reported his work, it has been accepted 
almost universally that the metal of the enzyme is in the 
divalent state and that the catalytic activity of the 
phenolase is based on the cupric-rcuprous valency change. 
Kertesz (21) reported that the copper present in phenolase 
was in the cuprous state, and that upon ageing, part of the 
copper is oxidized with a simultaneous decrease in activity. 
This evidence is strongly confirmative, but certainly is not 
conclusive.
From a study of artificial copper**proteins, Gurd and
Wilcox (22) concluded that the copper is probably bound with 
«
carboxyl groups, histidine and sulfhydryl groups of these 
proteins. These cupric complexes of proteins are all colored 
and present specific absorption bands in the visible, and 
near ultraviolet wavelengths or both. These absorption 
bands are intense in three other copper oxidases, laccase, 
ceruloplasmin, and ascorbic acid oxidase. The presence of 
these copper-protein bonds cannot be demonstrated by
13
absorption spectra, and Ksrtesz and Zito (23) have cited this 
as evidence that phenolase copper exists in the cuprous 
state,
Lerner, et a^. (24) reported that copper is not bound 
to sulfhydryl groups of the protein moiety of phenolase, 
since addition of arsenite and mercury to apophenolase prior 
to addition of copper did not prevent the formation of the 
holoenzyme. It was demonstrated by Barron and Singer (25) 
that phenolase is not a sulfhydryl enzyme. Kertesz and 
Zito (26) also reported that phenolase remained fully active 
in the presence of a great excess of p-chloromercuribenzoate.
Although it cannot be assumed that phenolase is com­
pletely devoid of sulfhydryl groups, it may be concluded 
that the thiol groups of the enzyme are not involved in the 
fixation of the copper on the apoenzyme, nor are they 
responsible for the enzymatic activity of the holoenzyme.
Yasunobu (27) interpreted the variation of phenolase 
activity with pH as being due to ionization of the enzyme, 
since the substrates do not ionize in the ranges studied.
He.concluded that histidine may be a part of the "active 
center" responsible for monophenolase activity since it is 
the only amino acid which undergoes alteration in the state 
of ionization in the pH range of 6 to 7. He also stated
14
that the benzoate inhibition of phenolase, which he observed/ 
suggests that histidine is a part of the "active center."
It has been demonstrated that cysteine and other thiol 
containing compounds inhibit phenolase (28,29). Bailey et al. 
(20,21) also proved conclusively that sulfhydryl groups in­
activate shrimp phenolase and proposed that it was caused by 
chelation of the copper by the thiol groups.
The raison d *Stre of phenolases is not known, but it 
is believed (30) that phenolase may have a role in the 
electron transport system in higher plants. Mason (31) 
believes that phenolase present in the cuticle of the exo­
skeleton of members of the. phylum Arthropoda has an important 
role in the hardening of the cuticle by oxidizing phenols to 
o-diphenols which have been identified in the cuticles of 
many Arthropods.
CHAPTER III 
EXPERIMENTALS AND RESULTS
Previous experiments performed by the author under a 
United States Atomic Energy Commission grant indicated that 
low dose gamma irradiation reduced black spot in shrimp.
Two experiments were performed to verify these results.
Whole brown shrimp (Peneaus azetecus) caught the pre­
vious night were purchased in the morning and transported in 
ice to the laboratory. They were deheaded, washed, repacked 
in ice and stored overnight in ice in a cold room at 42°F,
The next morning they were washed in cold water, drained and 
approximately 350 grams weighed into Maraflex 4 pouches 
(Marathon Division of American Can Co.) and heat sealed.
Half of the pouches were irradiated at 0.052 Mrad. Irradi­
ated and unirradiated controls were ptored at 36°-40°F and 
at 32°F (in crushed ice).
One pouch from each treatment was opened each week and 
the shrimp from each pouch divided into three groups according 
to black spot formation: no spots, slight spotting and
severe spotting. Results are listed in Table I.
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TABLE
EFFECTS OF 0.052 MRAD 
MELANOGENESIS IN
I
GAMMA
FRESH
RADIATION
SHRIMP
ON
*.
Days storage 14 22
Storage Temp. (°F) 38 32 38 32
Treatment* U .. I U .1 . U I U I '
Percent Spotting
Severe 16 5 13 0 8 7 17 12
Slight 37 43 26 25
i
42 39 37 28
None 47 53 61 75 50 54 46 60
*U *= Unirradiated; I = Irradiated.
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Although the amount of black spot in stored shrimp was 
reduced by the 0.052 Mrad received by the shrimp in the pre­
vious experiment, it was believed that a higher dose would 
further reduce spot formation without harming organoleptic 
quality, 'in the next test shrimp were subjected to 0.15 Mrad.
Shrimp for this experiment were caught from the Louisi­
ana Wildlife and Fisheries Commission boat in Barataris Bay, 
between 5:00 and 8:00 A.M. They were layered with crushed 
ice immediately, and transported to the laboratory at Grand 
Terre Island. The shrimp were deheaded and repacked in ice 
for transportation to Baton Rouge-
Samples consisting of approximately 75 shrimp each 
were washed and then packed in Maraflex pouches. Pouches 
serving as control samples were packed in crushed ice, and 
the remaining pouches were irradiated at 0.15 Mrad. All of 
the.samples were then packed in crushed ice and maintained 
throughout the experiment. Results after one, two and three 
weeks storage are given in Table II.
Organoleptic tests werft also conducted with these 
shrimp after 14 and 21 days storage. The tests were made 
with the assistance of a selected panel of individuals 
trained in appraising the quality of shrimp.
After rinsing in cold tap water, the shrimp were
18
TABLE XX
EFFECTS OF 0.15 MRAD GAMMA RADIATION ON 
MELANOGENESIS IN FRESH SHRIMP
Days Storage (32°F) 7 14 21
Treatment* U I U I U I
Percent Spotting 
Severe 4 0 17 3 22 8
Slight 24 6 27 11 62 34
None 72 94 56 87 16 58
*U = Unirradiated;. I = Irradiated.
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cooked by placing them in boiling water and allowing them to 
remain for five minutes after the water resumed boiling. No 
additives or spices were used in the water. The shrimp were 
then drained and placed on plates and given to the taste 
panel. The attributes judged in both control and irradiated 
samples were odor, appearance, flavor, sweetness and texture. 
Each attribute was judged by each member of the panel and 
assigned a grade from 0 through 10. Following is the meaning 
of the ratings:
10 - E x c e l l e n t N o  change from fresh or frozen prod­
uct of highest quality.
8 - Very Good - First noticeable change in attribute, 
development of such change is consistently appar­
ent, but degree of change is slight.
6 - Good - Moderate degree of changed attribute, 
distinguished from score 8 by an increase 
intensity (quantitative.change) on occurrence 
of additional changed attribute (qualitative 
change) not previously noted.
4 - Fair - Definite or strong degree of changed
attribute distinguished from previous levels by 
the fact such changed attribute is now so defi­
nite that any abnormal components become dominate 
in contrast to the normal attribute. At this 
score and lower scores the loss in the normal 
attribute becomes apparent even in different 
tests.
2 - Poor - Extreme degree of changed attribute such 
that reaction is one of saturation in recogniz­
able pomponents of attribute change; usually 
considered the end point of any objectionable 
attribute development in that panel resistant to 
judge samples of any greater intensity.
20
0 - Unable to evaluate.
Results of the organoleptic ratings are given in Table
III.
Since studies on the shrimp indicated that a great 
portion of the phenolase responsible for black spot formation 
was being inactivated by gamma' irradiation, the irradiation 
induced changes in phenolase were determined.
Removing an ensyme from its natural environment and 
placing it in an aqueous solution greatly increases the 
effect of gamma irradiation on its activity. However, it was 
desirable to study changes in the phenolase molecule which 
accompany its inactivation in a system free from interfering 
substances.
The effects of radiation on proteins can be divided 
into three classes: (a) specific chemical changes, (b)
changes in physiochemical properties including denaturation, 
and (c) less clearly defined changes, particularly odor 
formation, which are of technological interest (32). In 
contrast to studies on proteins, the effects of radiation on 
enzymes are generally measured in terms of loss of enzymatic 
activity. Because of this, no particular significance can be 
attached to direct comparisons between protein and enzyme 
radiation sensitivity.
21
TABLE III
ORGANOLEPTIC SCORES OF SHRIMP 
RECEIVING 0.15 MRAD
Days Storage (32°F) o 14 21
Treatment U U I U I
Odor 9.0
o•00 8 . 2 7.5
o•00
Appearance 9.2 7.2 8 . 0 6 . 0 7.5
Sweetness 8.5 6.5 7.5 2 . 0 6 . 0
Flavor 9.0 6 . 0 6.5 2.5 6 . 0
Texture 9.0 6 . 0
o
4.5 7.0
Average 8.9 6.7 7.4 4.5 6.9
Each value is the average for the panel.
This study was designed to correlate some chemical 
and phyBiochemical changes of the enzyme, phenolase, to loss 
of enzymatic activity incurred upon low dose (0,05 to 0.20 
Mrad) irradiation.
Irradiation of Enzvme Samples
Samples were irradiated in the 11,000 curie Cobalt 60 
irradiator located at the Louisiana State University Nuclear 
Science Center. It was determined by Fricke Dosimetry (33) 
that the average dose in the center of the diving bell was 
2,200 rads per minute. The procedure is employed for 
measuring gamma radiation in the range of 0 . 2  x 1 0 4  to
4 x 104  rads by oxidation of ferrous ammonium sulfate and
determination of the ferric ion spectrophotometrically.
Samples were irradiated by placing them in glass- 
stoppered vials, or if saniple volume was large, in glass 
bottles closed with teflon-lined screw caps. These con­
tainers were secured with rubber bands to the inside of a
wire basket which was suspended by its upper rim inside a 
waxed-cardboard cylinder. When this cylinder was placed at 
the middle of the diving bell bottom, the samples were at 
the center of the bell.
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Enzvme Source
Phenolase obtained from the. Worthington Biochemical 
Company was used for the copper oxidation and optical, rota­
tion studies. In all other studies the phenolase used was 
obtained from the Nutritional Biochemical Company.
Measurement of Activity
A spectrophotometrie procedure for determining phen­
olase activity developed by Matsuzawa (29) was used through­
out this study. This method is based oh the enzymatic 
conversion of dopa to dopachrome, which is red in solution 
and absorbs strongly at 485 mu. This method was selected 
instead of manometric procedures frequently employed in 
phenolase studies because of its simplicity and because it 
Was reported to be fifteen times more sensitive than the 
latter methods.
The pH of the assay was maintained by dissolving both 
enzyme and substrate in 0.2 M phosphate buffer, pH 6.0. A 
pH of 6.0 is necessary for this procedure because it is 
near the optimum.pH of the enzyme, but is sufficiently low
to prevent autoxidation of dopa which becomes significant
♦
at pH 7 and above.
The assay was performed by placing 2 ml of enzyme 
solution in 2 0  mm diameter test tubes and placing the tubes
24
in a 37°C water bath for 2 minutes, after which 0.5 ml of a 
2 mg/ml DL-dopa solution was added as substrate and the tubes 
shaken well. At the end of the incubation period the reaction 
was stopped by adding 4 ml of 95 percent ethanol. After one 
minuto 1 0  ml of distilled water was added to the solution to 
prevent discoloration of the pigment and the optical density 
determined at 485 mu with a Bausch and Lomb spectrophotometer 
(Spectronic 20). A 2.5 cm cuvette was employed.
Reaction Time
The amount of dopachrome formed at different reaction 
times was investigated. Various concentrations of phenolase 
were used and it was determined that by using 2  ml of enzyme
c
solution containing 5  x 1 0  gm phenolase per ml the most 
valid results were obtained at 5 minutes. After 10 minutes 
the amount of dopachrome formed became constant, consequently 
readings after this time would not yield information con­
cerning relative activity of different treatments. The 
curve obtained is shown in Figure 2.
Effect of Enzyme Concentration on the Reaction Rate
It was of primary importance to determine the nature 
of the curve obtained when optical density of the reaction 
mixture was plotted versus enzyme concentration, in order to
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interpret the data obtained in radiation experiments.
Figure 3 shows a straight line is obtained in the 
— 5 —5region 2 x 1 0 .  to 7 x 10 gra phenolase/ml. When radiation 
destroyed activity of the enzyme to such an extent that less 
than 2  x 1 0 “ 5  gm/ml survived, it was necessary to determine 
the amount of enzyme from this figure, otherwise ratios of 
the optical densities were used for these calculations.
Loss of Enzvmatic Activity with Dose
These data were obtained first to verify that ionizing 
irradiation does, in fact, cause a decrease in the enzymatic 
activity. By determining the loss of enzymatic activity with 
dose, data were obtained which allowed the determination of 
the manner of inactivation. The 37 percent dose, or inacti­
vation dose (34) was obtained from this data.
A liO mg/ml solution of phenolase was prepared in 0.2 
M phosphate buffer, pH 6 . Aliquots of this solution were 
placed in vials. Vials were irradiated at 0.005, 0.025,
0.050, 0.1, 0.2 and 0.5 Mrad. After irradiation the samples
— 5• were diluted with the same buffer to 5 x 10 gm enzyme/ml 
and assayed. Data obtained are shown in Figure 4.
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Effect of pH on Irradiation Inactivation
The pH of the solution can modify the amouiit of in­
activation by as much as a factor of four (35). Since pH of
*. *
shrimp tissue is close to neutral it was decided to limit 
this study to a small range around pH 7.
A 2. mg/ml stock solution of phenolase in water was 
prepared and allowed to stand in a cold room at +5°C over­
night to insure that all of the enzyme was dissolved. Solu­
tions of various pH values were prepared by diluting aliquots 
of phenolase solution with equal amounts of 0 . 2  M phosphate 
buffer of appropriate pH. These solutions were subjected 
to 0.2 Mrad, after which they were diluted to 5 x 10~ 5  gm 
phenolase/ml with 0.2 M phosphate buffer, pH 6 . The activity 
of these,solutions was determined as usual. Results are 
given in Table IV.
Effect of Oxygen
The effect of the presence of oxygen has been studied 
in irradiation of trypsin by Alexander (36), who found in­
creased inactivation. Hutchinson and Watts (37), studied the 
effect of Q2  PP Cobalt 60 gamma radiation sensitivity of 
trypsin, and found the radio-sensitivity at 1 2 0  mm 0 2  about
2 . 6  times that .in yacuuo.
To determine.the role of oxygen in inactivation of
30
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TABLE IV
EFFECT OF pH ON RADIATION SENSITIVITY OF PHENOLASE
Per Cent Activity* 
Retained Destroyed
6.0 38 62
6.7 34 6 6
7.1 35 65
7.4 37 63
7.6 37 63
7.7 37 63
*Values are averages of two determinations.
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phenolase during irradiation, the following procedure was 
used: Phenolase solutions in vials were flushed with nitro­
gen for one minute, and immediately sealed with ground glass 
stoppers which had been coated, previously with Silicone 
Lubricant (Dow Corning). The solutions received a dose of 
0.2 Mrad. Concentration of the enzyme was 1 mg/ml in 0.2 M 
phosphate buffer, pH 6  during irradiation and was diluted to . 
5 x 10“ 5  gm/ml for assaying.
In two experiments, samples of the phenolase solution 
were-placed in 25 ml filter flasks. The flasks were evacu­
ated to 60 mm mercury pressure and sealed before irradiation.
The results obtained ate given in Table V.
%
Absorption Spectra ,
To detect changes in molecular structure by irradia­
tion ultraviolet, visible and infrared absorption spectra of 
unirradiated and irradiated, phenolase.solutions were deter­
mined and compared.
A solution of phenolase (1 mg/ml in 0.2 M phosphate 
buffer, pH 6 ) was prepared. Half of the solution received 
a dose of 0.2 Mrads gamma radiation, Ultraviolet and 
visible spectra of both samples were determined with a Beck­
man DB Spectrophotometer. Phenolase in solution is yellow 
and it was necessary to dilute the solutions to 0.33 mg/ml
32
TABLE V
• «
EFFECT OF OXYGEN ON THE RADIATION 
SENSITIVITY OF PHENOLASE
E}q»er intent 0. D.
mg.
Enzyme
Per
Cent
Surviving
Per Protected 
Cfnt Vacuum
n 2
I
Control 0.093 0.046
Air 0.028 0 . 0 1 1 24
Nitrogen 0.039 0.019 41 17
Vacuum 0.035 0.017 37 13
II *
Control 0.095 0.047
Air 0.030 0.013 28
Nitrogen 0.043 0 . 0 2 1 45 17
Vacuum 0.039 0.019 40 1 2
III ■
Control 0.095 0.047
Air 0.028 0 . 0 1 1 24
Nitrogen 0.042 0 . 0 2 1 45 2 1
IV
Control 0.098 0.048
Air 0.030 0.013 27
Nitrogen 0.043 0 . 0 2 1 44 17
V
Control 0 . 1 1 8 0.058
Air 0.050 0.024 41
Nitrogen 0.067 0.033 57 16
Protection of nitrogen (mean) 17.6
Protection of vacuum (mean) 12.5
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in order to obtain visible.spectra. These same solutions 
were used in determining ultraviolet spectra. No changes 
were apparent in either the ultraviolet or visible spectra. 
Ultraviolet spectra presented only the Jtypical protein 
absorption band at 285 mu in both samples.
Infrared spectra could not be obtained in aqueous 
solution since water absorbs strongly from 3 to 7 microns. 
Instead the following procedure was used. One-tenth ml of 
the 1  mg/ml solution was placed in an oval area in the center 
of an IRTRAN II plate (Eastman Kodak Co.) and dried by 
placing the.plate in a vacuum desiccator over silica gel for 
10-15 minutes. The area covered by the dried enzyme prepa­
ration was that through which the light beam passes. Spectra 
of these samples were obtained between 2 and 15 microns with 
a Perkin-Elmer Model 21 Recording Infrared Spectrophotometer. 
Several major differences may be seen when comparing the 
spectra of irradiated and unirradiated phenolase. The peak 
obtained at 9.25 microns is caused by absorption of the 
phosphate of the burrer. The differences between the two 
spectra may be seen in Figures 5a and 5b.
Acid-Base Properties
It has been reported that upon denaturation of pro­
teins, new ionizable groups become available for acid-base
FREQUENCY (CMJ)
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Figure 5a
infrared Spectrum of Unirradiated Phenolase
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titration. Descrosier and Rosenstock (32) state that ioniz­
ing radiations sometimes affect-protein in such a way as to 
release acid-base groups. Changes in acid-base properties 
of phenolase caused by Cobalt 60 gamma radiation were deter­
mined by constructing titration curves.
Phenolase solutions (1 mg/ml) were prepared by dis­
solving the enzyme in 0.1 M KC1. This solution was then 
dialyzed against 100 volumes of 0.1 M KC1 for 36 hours in a 
cold room at +5°C, A portion of the solution received 0.2 
Mrad of gamma radiation.
Ten ml aliquots of both unirradiated and irradiated 
solutions were adjusted to pH 1 by slowly adding 0.962 N HCl 
with constant stirring (magnetic stirrer), after which they 
were titrated to pH 12 with 0.1 N NaOH. The pH was deter­
mined during the titration with a Leeds and Northrup pH 
meter (Model 7401). Figure 6  shows the curves obtained when 
milliequivalents of NaOH are plotted versus pH.
Optical Rotation
It was stated by Neurath et al. (38) that upon de- 
naturation, the optical rotation of proteins became more 
levorotary. Cohen (39) reported in 1955 that after denatura- 
tion, proteins sometimes exhibit rotations that were inter- 
pretated to be the sums of the rotations of the L-amino acid
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Titration Curves of 
Irradiated and Unirradiated Phenolase Solutions
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residues present in the chain and were found to levorotary.
Optical rotation of phenolase solutions before and 
after irradiation were studied to correlate inactivation of 
the enzyme with changes in the secondary structure of the 
protein moiety of the enzyme.
Solutions containing 2 mg phenolase/ml of water were 
prepared. Irradiated samples received 0.2 Mrad. The solu­
tions were centrifuged to remove small amounts of particu­
late matter they contained. It was found that the phenolase 
solutions would not allow transmission of sufficient light to 
determine optical rotation, so they were diluted to 1  mg/ml 
with distilled water. An O.C. Rudolph and Sons, Inc. Model 
70 polarimeter and a one decimeter semimicro tube were 
employed in all determinations. Light was furnished by a 
sodium vapor lamp emitting light in the range of 588.9-589.5 
mu. Results are shown in Table VI.
Copper Oxidation
As stated in the previous chapter, Kertesz (21) re­
ported that the copper of phenolase is in the cuprous state. 
It was of interest to determine if irradiation or radicals 
produced during irradiation of aqueous solutions of phenolase 
brought about a change in the valency of any portion of the 
enzymic copper.
39
TABLE VI
RADIATION INDUCED CHANGES IN THE 
OPTICAL ROTATION OP PHENOLASE
Observed Rotation 
Experiment I Experiment II
U I U I
Average
Specific Rotation*
+0.16°
+0.17
+0.14
+0.13
+0.13
+ 0.17
+0.15
+0.15
+0.17
+0.15°
+0.17°
+ 0.12 
+0.14 
+ 0.15 
) +0.13
+0.15 
+0.18 
+0.16 
+0.18
+0.15°
+150°(0.1% in water)
♦Specific Rotation =  (Observed rotation)(100)_____
(Length of tube in dm)(gm/100 ml)
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The reagent used was 2,2'-biquinoline which, is specific 
for,cuprous copper and also reacts stoichiometrically with 
this ion. A positive test is indicated by the formation of 
a violet color. The reagent was dissolved in glacial acetic 
acid at a concentration of 2  mg/ml.
Phenolase solutions containing 5 mg enzyme/ml of 0.2 
M phosphate buffer, pH 6.7 were employed. Irradiated samples 
received 0.2 Mrad. Two ml of test solution were mixed with 
2 ml of the reagent and allowed to stand for 30 minutes. 
Optical density of these solutions were determined at 540 mu 
with a Beckman DU spectrophotometer. The blank consisted of 
2  ml enzyme solution treated with 2  ml of glacial acetic 
acid. Results are shown in Table VII.
Irradiation of Dopa
It has been reported that the rate of many enzymatic 
reactions are increased when the substrate has previously 
been subjected to ionizing radiation. It is thought that the 
energy of the substrate is increased during irradiation (32).
The study was conducted by irradiating the usual 
(2 mg/ml) DL-dopa substrate solution at 0.05, 0.1, 0.2 and 
0.4 Mrad. The enzyme was not irradiated. Optical density 
was determined after five minutes reaction time and plotted 
versus the Mrads of radiation received by the substrate.
41
TABLE VII
EFFECTS OF GAMMA RADIATION ON THE 
VALENCY OF PHENOLASE COPPER
Optical Density 
Experiment I Experiment II
u I U I
0.114 0.108 0.125 0.132
0.109 0.105 0.123 0.133
0 . 1 1 0 0.107 0 . 1 2 1 0.129
0 . 1 1 1 0.106 0 . 1 2 1 0.129
0 . 1 1 1 0.107 0.123 0.130
-Average Optical Density (Unirradiated) 0.117
Average Optical Density (Irradiated) 0.118
42
Figure 7 shows that the-rate of reaction increases with the 
dose administered the substrate.
Presence of Protein During Irradiation of Phenolase
The presence of protein is usually thought to protect . 
enzymes during irradiation. However, irradiation causes 
reduction of disulfide bonds to sulfhydryl groups which are 
known to inhibit phenolase. McArdle and Desrosier (4) re­
ported that the.sulfhydryl content of two per cent ovalbumin 
solutions increased about nine-fold after receiving 1.5 Mrep 
of 4 m.e.v. cathode rays. Ovalbumin which had been recrys­
tallized three times was used in this work.
Solutions containing 1 mg phenolase and 5 mg ovalbumin 
per ml of 0.2 M phosphate buffer, pH 6  were prepared and 
aliquots irradiated at 0.2 Mrad. These solutions were then 
diluted with the same buffer to 5 x 10"^ gm phenolase/ml and 
assayed as usual. Results are shown in Table VXII.
Samples of irradiated (0.2 Mrad) and unirradiated 
ovalbumin solutions were tested for sulfhydryl groups with 
sodium nitroferricyanide (41). No increase was detected 
after the low dose irradiation.
Irradiation of Commercial Shrimp
No preservation process can rectify the damage caused
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The Change in Reaction Rate Induced 
by Irradiation of the DL-DOPA Solution
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TABLE VIII
EFFECT OF 0.5 PERCENT OVALBUMIN ON THE 
RADIATION SENSITIVITY OF 
PHENOLASE SOLUTIONS
Dose 0 . 0 0 . 1 0 . 2
Average Optical Density 0 . 1 2 0 0.080 0.070
Mg active enzyme present 0.060 0.040 0.035
Percent enzyme.surviving 1 0 0 . 66.7 58.3
Percent enzyme inactivated 0 33.3 41.7
to any food through poor harvesting, shipping and marketing 
procedures. Shrimp are among the most-perishable of food­
stuffs and generally melanogenesis has begun by the time 
shrimp have reached the consumer market. The following 
investigation was undertaken to determine whether low dose 
gamma irradiation would affect the development of melanosis 
once begun.
Brown shrimp were purchased from the C. C. Pish Market 
in Baton Rouge, Louisiana. Although just received at the 
market the same morning, slight spotting could be observed 
on most shrimp. The. shrimp were taken to the laboratory 
where they were washed in cold water, placed in Mylar bags 
and heat sealed. One-half of the bags were irradiated with 
0.2 Mrad. Both irradiated and unirradiated control samples 
were stored at 36°-40°F for four days when the bags were 
opened and the shrimp sorted as before into groups possessing 
severe, slight, and no spots. Results of two determinations 
are shown in Table IX.
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TABLE IX
EFFECTS OF IRRADIATION ON BLACK SPOT 
IN COMMERCIAL SHRIMP
Percent Spots* Trial I 
U I
Trial. II 
U I
Mean 
U I
Severe
Slight
None
17 62
67 38
16 0
11 59
75 41
14 0
14 61
71 39
15 0
*After four days storage at 36-40°F
CHAPTER IV
DISCUSSION
Melanogenesis or blackspot of shrimp was studied by 
Pieger (7) who determined that the change was enzymatic 
rather than microbial in nature. Bailey et al. (8,19,20) 
showed that phenolase was the enzyme responsible and that 
free tyrosine was present in shrimp extracts to serve as 
substrate. Later Novak and Liuzzo (5) reported that low 
dose gamma irradiation of fresh shrimp prior to refrigerated 
storage, retarded melanogenesis.
Results of preliminary studies which are.shown in 
Tables I and II, indicate that in fresh shrimp, low dose 
gamma irradiation prevented many of the shrimp tested from 
developing blackspots.
When stores at 36°-40°F (normal refrigerator tempera­
ture) after receiving a radiation dose of 0.05 Mrad, the 
phenolase retained its activity to such an extent, that by 
the third week of storage there was little difference between 
the control and irradiated samples; although at two weeks 
the difference was more apparent. Storage of the shrimp at
47
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32°P resulted in less enzyme activity as shown by the quality 
of both irradiated and control samples, with the irradiated 
shrimp exhibiting fewer spots.
Results of more.significance were obtained when shrimp 
were irradiated with a dose of 0.15 Mrad. After three weeks 
storage in crushed ice a comparison of the irradiated and 
non-irradiated samples showed the irradiated sample to con­
tain 42 percent less shrimp'with spots, and decreases of 28 
percent with slight spots and 14 percent with severe spots.
Organoleptic scores, shown in Table III, rated the 
irradiated shrimp superior in all respects, including 
appearance and flavor, at the end of two and three weeks 
storage. These findings have been verified repeatedly by 
Novak and Liuzzo (42) who reported that shrimp receiving a 
dose of 0.1 to 0.2 Mrad were consistently rated higher than 
unirradiated control samples by a trained taste panel.
By irradiating solutions of phenolase it was apparent 
that the activity of the enzyme molecule was being destroyed, 
as was reported by Dale (43) in 1940. Figure 4 shows that 
the loss of activity increases with the dose of radiation 
received, and that in a solution containing 1 mg/ml, 0.5 
Mrad completely inactivates the enzyme.
Lea (34) proposed that inactivation results either
49
from the reactions of radiation-produced water radicals in 
the immediate vicinity (2-3 microns) or ionization directly 
within the confines of the enzyme molecule itself. This has 
become known as the "target theory of inactivation." Inacti­
vation of enzymes in dilute solutions have been found to be 
indirect; that is, most of the enzyme inactivated has not 
been excited or ionized directly by the radiation, but rather 
by reaction with products of water radiation.
If a survival curve is constructed by plotting the log 
of surviving phenolase molecules versus the dose of radiation 
received, a straight line is obtained. See Figure 8 . Meyers 
and Abernethy (44) and Okada (45) cite such exponential 
curves as evidence that inactivation is caused by indirect 
action of the ionizing radiation. Such curves are obtained 
when the enzyme reacts with the active intermediate species 
of water radiolysis in a series, of consecutive steps after 
inactivation occurs.
Sensitivity of enzyme preparations are expressed by 
the mean lethal dose, D 3 7 , which is the dose of radiation 
which corresponds to an average of one hit per target (34). 
This corresponds to the dose at which 37 per cent of the 
molecules survive. This value is 0.13 Mrad for the phenolase 
solution employed. It is indicated as an "x" on the curve in 
Figure 8 .
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Phenolase Survival Curve
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Although irradiation of the enzyme was shown to in­
activate it, the effects of irradiation of substrate on the 
rate of the reaction were studied since upon irradiation of 
shrimp, the substrate, as well as the enzyme would be affected. 
It was found that when the DL-dopa solution that had been 
irradiated was used as substrate for the reaction, the rate 
of the reaction increased with the dose administered the sub­
strate.
It has been reported (46) that upon irradiation, 
tyrosine is converted to 3,4-dihydroxyphenylalanine, with 
little or no formation of the 2,4-dihydroxyphenylalanine. 
Further irradiation of the dopa produces dopa quinone which 
is an intermediate in the reaction sequence leading to 
melanogenesis as shown in Figure 1.
Since the dopa is already partially oxidized by the 
ionizing radiation, the rate of conversion of the dopa to' 
dopachrome.should apparently be increased. This agrees with . 
the experimental findings in Figure 7.
Fletcher and Okada (47) found that tyrosine in the 
peptide (glycyl)n-tyrosine was oxidized as rapidly as tyro­
sine alone. Introduction of leucine into the peptide pro­
tected the tyrosine. Sulfur containing amino acids were 
highly protective, as were histidine, tryptophane and phenyl­
alanine.
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In shrimp the tyrosine is present in the tissue and is 
probably protected to a great extent, while the phenolase, 
being in the membrane between the.shell and the tissue is less 
protected.
From Table V it can be seen that replacing air in the 
vial containing a phenolase solution with nitrogen prior to 
irradiation results in preservation of 17.6 percent activity 
after 0.2 Mrad. Removal of much of the air in the container 
by evacuation of the vessel to 60 mm mercury resulted in 
preservation of 12.5 percent activity.
It has been observed in this laboratory, however, 
that shrimp, refrigerated by vaporizing liquid nitrogen in 
the container, developed a dark discoloration and blackspot 
more rapidly than controls stored in ice. This may have 
been the result of extensive surface dehydration, and might 
be overcome by injecting a water spray every few hours.
This would prevent excessive drying of the shrimp during 
refrigeration in nitrogen. Organoleptic scores and chemical 
and bacteriological results showed the shrimp stored in 
nitrogen to be superior to iced controls of the same age.
It may be possible that nitrogen does have some additional 
preservative effect other than removal of oxygen from the 
system.
Okada (48), reported that replacing oxygen with nitro­
gen or hydrogen protected deoxyribonuclease during x-irradia­
tion. From this evidence he concludes that the H radical is 
not important in the inactivation of this enzyme since the H 
radical formation would be inhibited only slightly by removal 
of oxygen.
Barron and Finkelstein (49), have used this method to 
determine if inactivation results from direct action of the 
radiation on the enzyme, or by indirect action through forma­
tion of OH, O 2 H, H and H 2 O 2  from water. When the presence 
of oxygen causes increased-inactivation, these authors state 
that O 2 H and H 2 O 2  contribute to a portion of the inactivation 
since the absence of dissolved oxygen would have no influence 
on the efficiency of direct collision.
Meyers and Abernethy (44), reported that oxygen had 
essentially no effect on inactivation of dilute solutions of 
papain. However, papain is a sulfhydryl enzyme, a group of 
enzymes which are known to be extremely sensitive to ionizing 
radiation (50).
Butler and Robins (51) reported that the presence of 
oxygen had no harmful effect during irradiation of trypsin 
in the solid state, and they reported a protective effect in 
some instances. These authors also reported (52) that
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oxygen may contribute to radiation sensitivity of enzymes in 
solution by oxidizing protective agents, and thereby reduce 
the degree of protection afforded by these agents.
Howard-Flanders (53) suggested that radicals formed 
within the enzyme by removal of hydrogen atoms during irra­
diation may decay with restitution of activity unless reaction 
with a biradical, such as oxygen, makes the damage irreparable.
Data in Table VIII indicate that the presence of 
ovalbumin protects phenolase activity during irradiation.
Dale (43) also noted that the presence of inert protein during 
irradiation produced a substantial reduction in the amount of 
damage sustained by enzymes.
The ovalbumin competes with the phenolase molecule for 
free radicals produced in the water. This is further proof 
that inactivation is, for the most part, caused by indirect 
consequences of the irradiation, since extraneous protein 
would not interfere with direct hits of radiation in the 
phenolase molecule itself. Okada (48) obtained similar evi­
dence with deoxyribonuclease.
It has been shown that high doses of radiation releases 
sulfhydryl groups presumably from disulfide linkages present 
in ovalbumin and other proteins (40). In this laboratory it 
had been noticed that shrimp sometimes emitted a strong odor
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of sulfhydryl groups after receiving 0.25 Mrad of gamma radia­
tion. Since sulfhydryl groups and other reducing compounds 
are known to inhibit phenolase activity (28,29), it was first 
believed that sufficient sulfhydryl groups may be released in 
shrimp during irradiation at 0.15 to p.2 Mrad to cause the 
decrease in black spot production observed.
Tests for sulfhydryl groups with sodium nitroprusside 
showed no detectable increase in sulfhydryl groups in the 0.5 
per cent ovalbumin solution employed, after receiving 0 . 2  
Mrad. 3Jt seems certain then that release of sulfhydryl 
groups from proteins does not play an important rule in 
decreasing melanogenesis in shrimp for two reasons: (1 ) the
ovalbumin provides protection for the enzyme which definitely 
overshadows any inhibition caused by sulfhydryl production at 
the .level of 0.2 Mrad. (2) If sulfhydryl production was not 
noted in a pure solution of protein after receiving 0.2 Mrad, 
they are probably not released in shrimp tissue where more 
protection exists. Later tests on aqueous extracts of ir­
radiated and non-irradiated shrimp confirmed the conclusion 
that 0.2 Mrad produced no detectable increase in sulfhydryl 
groups.
It had been reported that low dose radiation inacti­
vated phenolase in white potatoes (54). It was shown that
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when.potatoes received 0.4 Mrad of gamma radiation# phenolase 
activity was reduced almost one-half (55). Since potatoes 
are essentially non-proteinaceous, this datum is further 
proof that inactivation of phenolase by radiation produced 
sulfhydryl groups is at least not the sole means of inactiva­
tion.
To detect molecular changes that occur in the phen­
olase molecule, the ultraviolet, visible and infrared ab­
sorption spectra of irradiated and unirradiated phenolase 
were obtained. Collison and Swallow (46) reported that the 
ultraviolet absorption spectra of many proteins exhibit an 
unspecific increase in optical density upon irradiation of 
their aqueous solutions. They believed that this change, was 
due to an attack on the tyrosine content of the protein 
similar to that occurring upon irradiation of tyrosine 
itself.
Barron and Finkelstein (49) found that the absorption 
spectra at 285 mu increased with irradiation. These changes 
were found to be very similar to those occurring when phen­
olase was allowed to react on the protein.
It may then be concluded that changes in ultraviolet 
absorption spectra of irradiated proteins are a result of 
the conversion of the tyrosine residue side chains to the
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quinone form. Since the ultraviolet absorption spectra of 
phenolase remained essentially the same after 0.2 Mrad, it 
can be assumed that aromatic amino acid residues of phenolase 
are not appreciably changed by this dose.
Data in the scientific literature concerning infrared 
absorption spectra of proteins are rare. Meyers and Abernethy 
(44) reported no change in the infrared spectra of papain 
even after irradiation of a dilute solution with 532,000 
roentgens. However, these spectra were obtained by mixing 
the enzyme with KBr and compressing into a plate. Because 
of the high pressure required for this operation and the 
resultant high temperature, denaturation of both irradiated 
and non-irradiated papain undoubtedly occurred.
The infrared spectra obtained for irradiated and non­
irradiated phenolase in the solid state are shown in Figures 
5a and 5b. Interpretation of these spectra are difficult 
because of the complex nature of proteins and also because 
absorption of amino acids at wavelengths above 7.5 microns 
are not specific and have not been studied thoroughly. 
Absorption'peaks at 3.05 and 6.05 microns are caused by 
stretching of nitrogen-hydrogen bonds and in amino acids are 
primarily due to amino groups. The decrease in these peaks 
indicated deamination. Primary amines exhibit a peak between
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8.5 and 9.0 microns. The peak at 8.75 microns in the pheno­
lase spectrum is decreased after irradiation and is probably 
also a result of deamination.
Ionized carboxyl groups absorb at 6.5 and 7.1 microns. 
Since neither spectrum exhibits these.peaks it is assumed 
that low dose gamma radiation has not caused ionization of 
free carboxyl groups.
Deamination has been reported to be one of the primary 
reactions of irradiated amino acids (46). Schweigert (3) 
reported that amino acids and polypeptides undergo both 
decarboxylation arid deamination during irradiation. Dale et 
al. (56) reported that 0.13 M solutions of the enzyme, 
carboxypeptidase were deaminated after receiving 166,000 
roentgens of x-rays, and that exclusion of oxygen did not 
inhibit the deamination. Since removal of oxygen preserved 
a portion of phenolase activity it is probable that deamina­
tion in itself is not completely responsible for phenolase 
inactivation.
Histidine, which is suspected to be part of the "active 
site" of phenolase, was reported by Drake et al. (57) to be 
one of the most radiation sensitive amino acids. Dale et al. 
(56) reported that deamination of histidine was independent 
of pH and exceeded the average value for deamination of amino
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acids, possibly because of ring cleavage. Bhatia and 
Proctor (58) reported that deamination of histidine occurred 
through indirect action of ionizing radiation and presented 
evidence that deamination of the alpha-amino group was ac­
companied by fission of the imidazole ring.
Steinhart and Zaiser (59) reported that carboxyl and 
possibly imidazole groups of protein became titratable upon 
denaturation (unfolding) of horse carboxyhemoglobin. Har­
rington (60) reported more recently that denaturation of 
ovalbumin with guanidinium chloride liberated both acid and 
base binding groups. Arnow (61) reported in 1936 that irra­
diation of protein solutions always resulted in a decrease 
in pH which could not be explained.
Titration curves for irradiated and unirradiated- phen­
olase are not suitable for estimation to pK values. However 
the curve obtained with the irradiated enzyme suggests that 
at least some degree of decarboxylation and deamination have 
occurred. Figure 6  gives both titration curves and the 
decrease in buffering capacity in both the carboxy and amino 
regions can be seen.
The pH of the enzyme solutions was lowered from 6.15 
to 5.63 by irradiation with 0.2 Mrad. The difference of 0.18 
milliequivalents of NaOH caused by this reduction of pH is
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significant when placed on a molar bapis. Assuming a mol-* 
ecular weight of 130,000 (23) the difference becomes 2,340 
equivalents per mole of enzyme.
There is an apparent reduction in acid and base bind­
ing groups, which is contrary to reports in the literature 
that increases in such groups should occur upon unfolding of 
the. polypeptide chains of proteins.
A dextroratory change in specific rotation was ob­
tained for phenolase after irradiation, and indicated that 
some change is occurring in the molecule other than unfolding 
of the.protein molecule. Arnow (61) reported that alpha 
particles and ultraviolet light produced a decrease in the 
optical rotation of gelatin and also indicated a change 
other than disruption of the secondary structure of protein.
Christensen (62) found that solutions of beta-lacto- 
globulin rapidly became more levorotary when denatured with 
urea and other agents. The action of trypsin on protein did 
not initiate this change.
Cohen (39) also reported an increased levorotation 
upon denaturation of proteins. She attributed this to changes 
in the secondary structure of the molecule, and reported that 
rotation of these denatured proteins approached that of the 
sum of the amino acid residues of the protein. Yang and Doty
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(63) and Simpson and Kauzmann (6 6 ) made similar observations 
and reached the same conclusions.
, Fitts and Kirkwood (65) derived an equation to explain 
optical rotatory power of proteins possessing a helical con­
formation. They reported that theoretically an increase of 
52° levorotation could be expected in the specific rotation 
of a. protein upon destruction of the helix? a value which is 
in good agreement with the experimental results obtained by 
other workers.
The.specific rotation for phenolase must be very small 
since no rotation could be observed in the 0 . 1  percent 
solution employed. After irradiation the optical rotation 
was obtained, and the specific rotation calculated to be 
+150°; see Table VI. In view of presently available informa­
tion, these findings obviously can not be attributed to 
unfolding of the protein chain.
Since infrared spectra and titration curves.indicate 
that deamination of the enzyme is caused by irradiation; 
this change in optical rotation is probably related to 
changes in asymmetry of the amino acid residues of phenolase.
Phenolase requires copper for activity. Bovey (6 6 ) 
reported that the non-protein prosthetic group of niany 
enzymes can be inactivated almost as readily as the protein
when irradiated separately, but when the whole enzyme was 
irradiated the protein seemed to protect the prosthetic
i,.
groups.
Fricke and Hart (67) demonstrated that solutions of 
ferrous iron were oxidized to ferric iron by ionizing radia­
tions. Pollard et al. (6 8 ) have suggested that removal of 
an electron from some portion of an enzyme will cause the 
formation of a positive charge within the enzyme which can 
migrate by jumping from bond to bond.
Since Kertesz (21) reported that copper of phenolase 
was in the cuprous state, it was thought that oxidation of 
the copper by irradiation may occur, and have a role in 
radiation inactivation of phenolase. Results shown in Table 
VII, however, indicate that no detectable amount of oxida­
tion occurs.
In previous experiments it had been noticed that when 
shrimp obtained through commercial channels were irradiated, 
they seemed to develop blackspot more readily than unirradi­
ated controls. Experiments were performed which verify this 
observation. See Table IX.
Yost .et al. (69) demonstrated that the presence of 
substrate during irradiation helped preserve phenolase 
♦activity. However, end products of the reaction gave a
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higher degree of protection and also acted as a competitive 
inhibitor for the reaction. It is possible that the end 
products which are believed to be quinones (15), while pro­
tecting the enzyme during irradiation, are simultaneously 
affected in some manner which destroys their ability to 
function as competitive inhibitors of the reaction. This 
hypothesis explains the acceleration of melanogenesis in 
commercial shrimp after irradiation.
After shrimp are caught, the pH of the tissue in­
creases constantly to pH 8  or slightly above. Table IV 
shows that changes in pH of phenolase solutions in the 
region of pH 6  to 8  has no appreciable effect on the radia­
tion sensitivity of the enzyme. Gross changes of pH outside 
of this region would probably result in changes in the 
sensitivity. Therefore, the increase in pH cannot account 
for the increase in melanogenesis observed in irradiated 
commercial shrimp.
Inactivation of phenolase in shrimp must occur through 
indirect action of ionizing radiations. This enzyme is not 
located in the tissue of the shrimp where it could be pro­
tected by the tissue proteins. It is present in the blood 
and between the shell and abdominal tissue, and is concen­
trated primarily at the joints between the segments of the
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abdomen, through which water and oxygen may easily diffuse. 
Gamma irradiation (0.15 to 0.2 Mrad) leads to the production 
of free radicals in this water which causes the inactivation.
\
SUMMARY
Fresh shrimp are a highly perishable product which 
furing iced storage deteriorate rapidly through melanogenesis 
and microbial decomposition of the tissue.
Low dose gamma radiation of shrimp with Cobalt 60 
reduces enzyme activity leading to the formation of melanosis 
and retards development of undesirable organoleptic qualities. 
Chemical and bacteriological results support the organoleptic 
data.
Prevention of melanosis is directly related to inacti- - 
vation of phenolase present in the shrimp. Studies on 
solutions of purified phenolase indicate that inactivation 
occurs by indirect action of ionizing radiation of the water. 
The presence of oxygen in the solution and surrounding atmos­
phere promotes inactivation of the enzyme by either forming 
radicals which react with the enzyme, or by oxidizing impuri­
ties which act as protectors.
Irradiation of the substrate DL-dopa accelerates the 
reaction. Therefore the alteration of substrate by radiation
65
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is not responsible for the decrease in melanosis observed in 
fresh shrimp.
I
The changes which occur in the structure of phenolase 
are not similar to those changes reported to occur when 
proteins are denatured (unfolded). The copper of the enzyme, 
reported to exist in the reduced state, was not oxidized by
0.2 Mrad of gamma radiation.
Irradiation of shrimp in which melanogenesis has begun 
accelerates rather than retards the reaction. Shrimp tissue 
increases in alkalinity upon storage, but irradiation of 
solutions of phenolase of different pH values revealed that 
no change in radiation sensitivity occurs in the range of pH 
6  to 8 .
It is believed that the quinone-like products of the 
enzymatic reaction act as competitive inhibitors for the 
reaction and also serve as radiation protectors for the 
enzyme. Irradiation destroys .the ability of the products to 
function as competitive inhibitors and simultaneously protects 
the enzyme from inactivation.
/
/
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